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SUMMARY

Tne progress of an experimental and tneoretical researcn
program is reported in whicn simulation of far-field nuclear
airvlast by means cf fuel-air explosions (FAE) is beiny inves-
tigotea. Tne advantages of s full-scale reusable FAE blast
simulator include tne absence of cratering, ejecta, and signi-
ficant grouna snock, short turn-sround times between blastwave
experiments, and relatively lower costs per experiment waen
compared witn otner means of blast simulation. The existence
of suci a simulator sanould gr2atly ennance tne state-of-tne-srt
of blastwave simulation and provide s means for accelerating

our know.adge of blastwave-structural interactions.

The present investigation nas focused specifically on
erplosions of hemispherical fuel-air clouds formed trom a3 point
source, using aultiple-nozzle liquid fuel i1njection, The
researcn involves two aress. First is an assessment of the

degree oOf correspondaence petween FAE and nuclesr sirblasts in

terms of peak and time-resolved static and stagnation pres- {

sures, stetlc impulse, positive-pnese duration, and wave-front
decay rates. A small-scasle instrumented FAE facility (cloud
aisneter v9 m (30 ft)) nas been aevelcoped for tnis purpose.
The second research area involves examining the engineering
requirements for scale~up of tais tacility to a one kiloton
nuclear equivalent. 1In particular, impulsive Liquid fuel
injection nas been investigated witn nozles ranging from 2 to
10 ¢m {0.75-4 in.) 1a dismeter. Tne ultimate vertical reach,
degree of atomization, fuel-air distribution, anu traasverse
spreading rate of tne jets are consiaered to be tae basic
dependent varisbles, witn initiadl jet velocicy, nozzle dism=
eter, nozzle lengtn, quantity of fuel dispensed per nozzle, and
fuel properties (uensity, viscosity, surtace tension, and vapor
pressura) taken as independent variables. Current estimates
inaicate that a one Kkiloton FAE simulation using propylene
oxide would requice @ uemispnerical cloua 142 m (466 ft) in
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dismeter if tne ylooal fuel-air ratio were stoicniometric. The
individual nozzles tnat would be requirea to form sucn a cloud
must tnerefore be copable of injection to 71 m (233 ft).

The small-scale experimental tacility consists of a con-
crete test pad witn continuous runways connecting inlaid
instrumentation modules. Instrumentation consists of stagnation
and static piezo-electric pressure transaucers as well as
nign-speed panctegraphy. Test sequencing is controlled

"electronically. Two impulsive fuel dispensers nave been

built. 1In one of tnese, nign-pressure dgas (sucnh as compressed
alr or nitrogen) is aiscnarged tnrougn a3 sonic orifice to drive
a8 piston wnicn forces fuel througnh the nozzle(s). In the
otner, the piston 1s driven by a gas genetator.

Observations of large-diameter, impulsively injectea
single liquid jets have inaicatea tnat several breakup
;mecnanisme may Simultaneously be cperative. bBreakup at thae
neaa or the jet appears to result from & recurring insta-
o)rlity. This mignt be a Taylor acceleration instability.
Breakup along the sides of tne jet also occurs ana may result
from snear layer stcipping or from a8 Helmholtz instability.

Due to internal turbulent motion tune jet ceases to possess a
contiguous core above some neignt. The end or tail of tne jet
breaks up in what appears to be 3 response tc periodic vortex
shedding. Materisl removed from the Jet as droplets or stranas
presumably undergoes succ.essive aerodynamic snattering ana
subsequent vaporization, By these combined mechanisms ruel
vapor is added to tne air along tne entire jet trajectory.

Tsil breakup appeacs to limit jet reach if insufricient fuel is
dispensed tarougn tne nozzle.

Small-scale FAE clouas nhave been formed by injection of
fuel tinrougn a large number (600-1400) of radially-airectea
nozzles. Visually uniform spray distributions anave been
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achieved; however, interactions between the expanding spray 12
¢loud and the air can lead to shape distortiuns if the injec- =
tion velocity is too high. H

. The small-scale experiments with detonated fuel-air

clouds are believed to exhibit reasonable nuclear/FAE airblast

54 ARSI

fidelity. Experiments in this area are continuing with the

=

3
o

recently upgraded hardware and instrumentation, The experimen-
tally-determined effective blastwave energy of the FAE, with
respect to a scaled 1 KT nuclear explosion, is on the order ¢f
40-75% of the constant-pressure heat ¢f the combustion
depending on the fuel used and the way in which the FAE cloud
is formed. A theoretical calculation ot the airblast emerging
from a heptane FAE has indicated that under ideal conditions
the higher values could be anticipated., Experiments have shown
that the FAE airblast characteristics are repeatable and
azimuthally symmetrical. The quality of the nuclear airblast
simulation was found to improve with range in both the
experimental and the theoretical work.
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SECTION 1

INTRODUCTION

There ex.sts an ongolng deiense requirement to assess cthne
response of various objects to sirblast losuing resulting from
nuclear explosions. Since tne 1963 ban on above-ground nucleat
weapons testiang, it nas been necessary to conduct sucn experi-
ments by simulated means. For far-field airblast simulation of
surface bursts, the predominant tecanique nas been tne use of

nign explosives. Grouna-piane nemispineres and surface-

tangent spneres constructed of scacked nigh-explosives have been

detonated for tnis purpose. Thnis tecnnique nas tne advantage
of being relatively straigntforward, and tne quality of air-
blast simulation obtained is reasonably satisfactory at over-
pressure levels ovelow about 1 MPa (150 psi).

Unzortunately, inexpensive surplus TNT nas become very
scarce. As of Marcn 13979 an estimace ¢of tne bulk cost of TNT
was about 2.75 $/xy (1.25 $/lom). Since spproximacley 4.34 x
10° kg (100 lbm) or TNT are requirea for a L KT nuclear
simulation, & program of frequent simulated testing at this

energy-release level woula be pronibitively expensive.

In addition to cost, nigh explosive (HE) simulation nas
otner drawbacks. A substanctisl crater is formed at the explo-
sion center during a3 test. For stubsequent testing this neces-
s1tates eiltner relocation of all i1nstrumentation to a new test
area, or considerable eartnmoving to refill tne crater. Either
operation 1s time-consuming and costly. Furtnermore, anign
explosives generate s ground snock wnich in tne rar-field is
not representative of a nuclear ground snock. Tne ground snock
tnererore tends to interfere with experiments intended to test
solely for airbiasst-loading. Finally, & substantial emount of
nign velocity debris and ejects accompanies HE detonations.
Iiupingement cf these materials upon test objects is clearly
undesitable.
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For these reasons, concepts tor alternate simulated far- E

field airblast sources have been explored. In particular, E
attention has recently focused on the use of fuel-air explo- -

sions for this purpose (References 1-9). A fuel-air explosion ﬂ

results from fast combustion of a cloud comprising fuel that has ﬁ

peen dispersed into atmospheric air. The event includes both @

the combustion process within the cloud itself and the cumula- %

tive subsequent interactions with the ambient air. X

q
<

Two modes of FAE cloud combustion are possible. Defla-
gration alone will occur if the cloud is not too large and if
it is initiated with a low energy blast source or a thermal
ignition source (such as a flame). Detonation will occur it
the cloud is initiated by a blastwave or other shock source of
sufficient strength and duration. The explosions that result

rrom these two modes possess similar characteristics in the
extrewe far-tield ($7000 Pa (1 psig)) but they are very

different at highec overpressures., The nighest overpressure

l
4

attalinea by a deflagrative explosion is a function of the

az

aeflagration velocity and is in general signiticantly less than
that generated by a detonative explosion. Since it is desir-

(e g

able to extena the blast simulation to the highest pressure
levels possible, only detonative explosions are of present
interest.

The characteristic size of the fuel-air cloud that would
be required to simulate a 1 KT nuclear airblast is exemplified
oy estimates assuming propylene oxide as the fuel. 1In this
case at stoichiometric proportions the cloud volume would be
7.50 x 10° m> (2.65 x 10’ ft3) and would contain 85,400
kg (188,000 lbm) of fuel. For a hemispherically shaped cloud,

tne diameter would be 142 m (466 ft).

USRI, " P N ap o aR s o s lviabwial ek

Two fundamental issues are being aadressad by the present
B research program. The first involves the determination of a
satisfactory means by which a cloud having the required
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dimensions can pe formed, 'The second i1nvolves the aetermina-
tion ot the degree of correspondence, or tidelity, betwee. FAE
and far-tield nucieéar alirpiasts.

For tests requiring peak overpressure levels above about
7 kPa (llL psi), 1t nas been consiaerea preferable to torm
hemispherically-shaped clouds. A nemispherical FAE 1is
tneoreticaliy the most efficient shape (kReference 10). 1Its
symmetry assures the minimum number of undesirabnle secondary
waves (due to reflections), and aliows predictable testiag in
all directions at the highest overpressure levels possible.

Several technijues rfor forming hemispherical FAE ciouds
have been suvugyested. These incluce palloon containment,
explLosive rfuel dissemination rrom an array ot c¢anisters,
rockets propelled by the fuel tnac 1s to be dispersed, and
lLarge-scale nydraulic fuel 1injection.

0L these techniques, hydraulic fuel injection appears at
osresent to be the most viablie., Lagquid fuel is impulsively
injectea into the atmosphere at nigh velocity through a large
numper oOi nozzles, &wach Ligquid jet 1s atomized hycraulically,
that 1s, witnout inuuced swirl or coaxial air injection. The
spray columns from these many jets overlap to £ill in the
cloud. The jets can be injected elther raaially from a central

(poilat) source or vertically from distriputed grounda posi-

tions., The tormer seems preferaple, because the reach required

0L each jet woula be tne saime ana because the amount of

e
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plumbing woulda be minimized due to the smaller ground area

-
P

wr

j covered by the dispenslny system.

-'Q

ff With this technigue, the cost of materials expended pert
Bt L . .

& test would be minimized. O above-grouna structure 1s

required, and potentially harmful decris is not produced. On

the other hana, such a tecnnique has not been previously

developea. Investlyation has been reguired to aetermine
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waether or not 1t 1s in fact possible to impulsively generate
jets witin the neces~ary rtreacn, degree of atomization, and fuel
distribution. The tecanology needed to impulsively inject s
large number of sucn jets simultaneousiy ns3 also requitea
development. Tne tecanique aas, nowever, been shown to be

-feasible in preliminary small-3cale experiments (References

2-5) and is aiscussed in detail in tnis report.

Regardless of tne specific technique cnosen for fuel sit
cloud rformation, the quality of tne simulated Lsr~field nucleat
airblast is of funaamental concern. In particulacr, the cor-
respondence between the positive-pnase statlc ana aynamic
pressure profiles as functions botn of radius and time needs to
be evaluateda in terms of peak pressures, positive pnase dura-
tions, impulise, and tne extent of secondary snocks and other
aberractions in the pressure-time profiles., Blastwave symmetry
and repeatability are also of importance. Thne tresults of

investigations 1n tnese sreas are aiscussed in tanis report.

The report 1s structured as tfollows. First, experimental
Zuel dispensing systems tnat have peen considerea and those
that have been tested at small scale are aescrikten in Section
2., In Section 3 tne experimentally ooserved atomization
cnaracteristics of liquid jets are discussed, wnile Section ¢
aeals witn the formation of nemispnerical clouas using 3 Latye
number of sucn jets, In Section 5 tne results of theoretical
and experimental investigyations of nuclear airblsst simulation
by fuel-sir explosions are discussed. A concluding aiscussion
is providea in Section 6.
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SECTION 2

FUEL DISPENSING SYSTEM

Point-source fuey dissemination requires a aispensing
system capable of impulsively forming a large number of
raaially-directed jets simultaneously. Tne specific require-
ments for such a dispenser are closely coupled to the dynamics
of breakup of individual iiquid jets. (Jet breakup is the
subject of Section 3.) However, since an impulsive dispenser
is requilred to investigate jet breakup, development of the
dispenser has been iterative. In tnis section dispenser
nardware concepts are described generally and experience with

two speclfic designs is aiscussed.

Several concepts nhave peen considered and schematic
sketcnes of tnem are shown in Figure 1. The first of these,
whicn appears to be the least complex, operates on a principle
similar to that of a common aerosol dispenser. A gas generator
ralses the pressure above a liquia supply which is then ejectea
through a dip tube. The gas generator is located at the top of
the dispenser to facilitate reloading. This design (Figure
l1(a)) had been previously suggested as a candidate system
(Reterence 5).

There are three problem areas with this design. First,
it is guestionable whether the liquid in the dispenser tank can
be tully ejected. After the liguia level drops beiow the
bottom of the dip tube the liquid coclumn remaining in the tube
would be unstable. sSeconuly, even 1f this last tluid were to
be dispensed smoothly, subsequent gas ejection through the
nozzles would distucb the spray. This would be detrimental to
the formation of a predictable spray patt~rn. Finally, the hot
proaucts from the gas generator might ignite the fuel inside
the dispenser, or these gases could ignite the spray cloud as

they issue from the nozzle.
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All of the remaininy dispenser concepts in Figure 1
incorporate an intertace between the propelling gas and tae
fuel. Tni1s avolds tne potential problems ot tne aerosol
dispenser design. The first of tnese concepts is illustratea
in Figure l(v). A piston ariven oy gas that is admitted
tnrougn a solenoid velve into a3 free volume benind 1t forces
fuel through tne nozzles(s). Tne valve acts as a cunoked
(sonic) orifice, limiting the gas flow rate from a nigh pres-
sute supply bottle. 1In this designh tne valve opening time also
limits tne ctate of initial piston acceleration. This can be
problematic if tne acceleracivon time is comparable to tne total
fuel dispensing time. Also, rather nign supply bottle pies-
sures are requirea to acnleve useful working pressures behind
tne piston. Tnis design mignt be inproved by incorporating a
tast-acting double-disapnragm type oL valve, sucn as that usea
in sanock tubes. A sketcn of this alternste arrangement is
snown in Figure Ll(c).

A nign pressure supply bottle cen be avoided tnrougn tne
use of 3 gas generator in a contlguration sucn as tnat Snown in
Figure l(a). A propellant grain wita variable burn rate mignt
be used so0 as to tailor the dispensing pressure to any.

time~varylng protile uesired.

Another councept involving combustion 15 snown in figute
l(e)., In tnis case, nowesver, tne free-volume is filled with 3
coimbustible gas mixture. Dispensing is initiated by aetonating
tnis mixture. The pressure will then decrease due to gas expan-
sion as tne piston displaces tne tuel., Tne pressure dropoff
rate is governed by tne free volume siza and by g3s properties,
but it is not otherwise controllakia.

Ar arrangement that does not involve suaaen ptessuriza-
tion by combustion ot by means of vaiving 1s snown in Filgure
1l(f). Here the tree volume pressure is raised in advance to

tne appropriate initial level witn a sultable gas (a8t anmbient
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temperature). Tae piston is restrained by & cable tanat can be
severed by an explosive device (such as an exploding bolt). As
in the preceadiny device concept, tnis design permits only o
limitea amount of control over the pressure dropoff rate,
However, nign temperacture gases are not involved., Tnis would
simplify construction ana eliminste driver-gas energy losses
aue to neat transfer.

All ot tne scnemes saown in Figure 1 use gas pressure to
force the rfuel out of the dispenser. However otner, more novel
tecnniques mignt also be teasible. As examples, tae piston
could be driven by & rocket motor or pernaps even by a large
spring.

Two dispenser concepts (Figures l(b) and 1l(d)) nave been
exesminea at a size compatible botn with small-~scale fuel-air
cloua formation experiments ana with large scale single-jet
reacn and breakup experiments,

2.1 U-TUBE DISPENSER

A rudinentary cispenser system was usea exclusively
during the early pnases or tne present research program
(Reference 5). It is essentially an sdaptation of tne
cnoked-orifice arrangement of Figure l(b). A sketcn of the
dispenser 1s snown 1n Figure 2. Because of its snape it nas
opeen referred to as tne U-tube dispenser. It is 2.75 m (9 Lt)
lonyg overall, constructed ovr 15.2 cm (6 in.) scnedule 40
wrougnt steel pipe. Tnhne maximum amount of liquid tnat can be
dispenseu is about (.036 m3 (2.5 gal.,). The centerline
distaence between tne two legs is 46 ¢cm (18 in.). The plston
snown 15 15.2 ¢m (6 1n.) long ana is fitcted witn two teflion
seals. High pressure nitrogen is discnarged into tne free

volume tnrough a8 solenoid valve witn a 1.9 cm (0.75 in.)
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Figure 2. Schematic diagram showing the U-tube used in the
experimental investigation for disseminating fuel to
form hemispherical fuel-air explosive clouds. One leg
of the U-tube was pressurized in order to £force
the fuel through a nozzle head attached to the
other leg of the U-tube.
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effective orifice diameter. Tne nitrogen is supplied from two
manifolded cylinders naving & total volume of J3.71 m3 (2.5

£e2) .

In use tnis dispenser was buried in tne ground. Tne
volume benina the piston was filled with water whicn etfrec-
tively formed a flexible U-shaped extension ot tne solid
piston. Tne back side of tne extendea piston was then acces-
sible trom tne surface. Tne amount 0of water behind the piston
could be aujusteda so 3s to permit some control over tne initial
free volume.

The pressure level requlred in thne supply bottles 1is mucha
nigner than tnat in the free volume benina tnhe piston. An
estimate of tane necessary supply pressure was obtainea by
assuming quasi-stesay-state aispensing (constant piston
velocity) ana ignoring tne dropoff in supply bottle pressure.
In that case tne pressure on botn sides of the piston is tne
33me ana constanc, and tne rate of increase in tne free volume
equals the rate of ftuel volume efflux tnrougn tne nozzle(s).
Referring to tne notation in Figure 2, tanis condition c¢an be
expressed as

<
1]
=

FV (1)

wnere

V/Q’ = = (2)

is the volume flow rate of the liquid fuel and my, Py are tne
fuel mass flow rate anda tne liquia censity respectively. The

rate of increasse in tfree volume, VFV' can be written as
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m§T) . (3)

=§_(__
FV - dt \P W

Here, the perfect gas iaw has been used to express the instan-
taneous free volume magnitude in terms of the mass of gas
contained within it, m; the pressure, PP; molecular weight,

W; temperature, T of the gas; and R, the universal gas
constant. Equating Egs. (2) ana (3) according to Ej. (1)
gives, wich P

p and T constant,

=
bl

Zm (4)
P

where m = dm/dt represents the rate at which gas flows from the
supply bottle into the free volume.

Now, if the nozzle area, AN ana the U-tube cross-

sectional area, Au are such that

2
(AN/AU) << l 14

then the liguid mass flow through N such nozzles can be ex-
pressed as
1

2

my = NA [20,(P, - P,)] ' (5)

where it has been assumed that the nozzle discharge coefficient
is equal to unity. On the other hand, the gas mass flow rate
through the orifice (solenoid valve) is given by
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m = AP, (Y");i £ (M) , (6) ;
3
where AE is the orifice area and 2
&
- Rt g
£ _ y=-1 .2 izY‘l) E-i
ME) =.M.E (l+—2—ME) . (7)

The orifice Mach number in Eq. (7) is

_Y___-_l_
My = '&;%I)[(gg) - l]}' , (8)

P

and Y is the ratio of specific heats of the gas. The maximum
value of ME is unity, corresponding to a c¢ritical ratio
PS/PP tnat can be calculated from Eqg. (8). This is the
chcking point. At larger ratios of PS/PP, achieved by
reducing PP' the mass flow m does not increase further.

Combining Eg. (4)-(6) gives

1

o () (mre) &

This equation is not in closed form since f(ME) is a function
of Pg. However, at the choking point, ME = 1, and in that
case Eq. (9) becomes

v+1
1 -
i 2w\ (VP yep, 200D
Py = Pp(P, - Pp) ( — ) =) (5= . (10)
YDLRT E
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For a fixed choked orifice area A Equation (10) indicates

’
that the required supply bottle pfessure increases linearly
with the liquid nozzle area and with the number of these
nozzles. As an example, for a single 7.62 cm (3 in.) diameter
nozzle drlven at P = 1.38 MPa (200 psi), ana with PA

= ] x 10 Pa (l4.7 951), W= 28, ¥ = 1.4, and Py = 1000

kg/m (62.5 lbm/ft ), the supply pbottle pressure required

in conjunction with a 1.91 cm (0.75 in.) diameter choked

orifice at room temperature woula be PS = 5.47 MPa (658 psi

Higher free volume pressu.es can be achieved without
excessive supply oottle pressure by increasing tne solenoia
valve orifice area. Larger valves denerally have longer
opening times, however, and since fuel dispensing times are
characteristically in the range 100-500 ms, valve opening times
must be kept very short. 1In the case of the U-tube system, the
soienoid valve opening time was estimated to be on the order of
50 ms., Together with the large effective mass of the dispenser
piston (including the water) this resulted in rather sluggisn
behavior during the initial startup period. Transient
oscillations were also observed on occasion during startup.
Free volume pressures above 1.4 MPa (200 psi) could not be
easily obtained when testing large nozzles (or with a large
number of small nozzles) because of the unreasonably high
supply pressures that would be required according to Eq. (l0).

The principal advantage of a choked-orifice driven
dispenser is that the free volume pressure does not decrease as
rapidly as does the pressure in the supply bottle during the
dispensing operation. This can be seen in Egq. (10). A design
of this kind with a fast valve (for example, a double
diaphragm) and no moving water mass remains open for con-
sideration. However, it is felt at present that the use of a
solenoid-actuated or similar valve is not totally satisfactory
and that the J-tube configuration is not optimum,.

27

N i
AR T T S TR AT Tl N - St et . .
ta " _A_"--'n.\ .»‘.-’.'-. F et et At LT - . e T A ™ .- .F“ﬂ;_ PLANE S 4

ATt L A N e w -

'!
;
|
]
j




[ rmi—m e = — m o m e mm MW We WW Wi WAL M. WS M lThITH WM I TR T®TATE TaTeTe Ta WM owo_RT 0T, Tl mT e WY NN T T T T e e Ya

4.2 LINEAR DISPENSER s

o it

A dispenser of tne type sketcned in Figure 1l(d) was also

- .y
74
PO

aesigned and built and nas been employed in more recent
experimental work. A scnematic to scale of tnis device 3appears N
in Figure 3 and a photograph is sanown in Figure 4, Tnis was
originally referred to as tne linear aispenser to distinguisn
it from tne eariier U-tube. Tne piston in tnis case 1s driven
by pressure developea from a gas generator. Details of tne gas
generator are given in Appendix B. In 3addition to testing tne
gas generator concept, tnis dispenser was designed to imptrove
performance and relisbility over tnat of tne U-tube. Water can
be saded to thne tank below tne piston so as to adjust fthne
initial free volume; however tne water does nct move witn tne
piston. Tnhnis results in greatly improved inertial start-up
response. Tne piston acceleration time was reauced furtner by
increasing its ciameter.

une dissdvantage orf tne lineat design is thet, unlike the
U-tube, the linear dispenser must be removeda from tne ground in
orauer to change tne water level in tne free volume tank or to
trelocad tne gas generator between runs. In tne present
installation tnis effectively constrains tne ¢verall dispenser
lengtn to about 3 m (10 f£t) due to the reacn limit of tne
equipment on nand that is used to r- -e tne dispenser. For
tnis reason tnhne linear dispenser capacity was limited to 3

maximum of 0.0273 m3

(7.2 gal.) of liquid. Tnis is sligatly
greater than tne quantity of fuel needed for the nemispnerical
cloud aetonation experiments, but 1t is somewhat less than the

capacity of the U=-tube.

For deslign purposes tne start-up inertial response of the
linear dispenser was enalyzea to first order. The gas
generator was assuned to develop tne initial pressure PPO in
tne initial free volume, VFVO' in negligible time. Tne mass of
fluia 1n tne nozzle was small comparea witn tnat of tne

remaining fluid and the piston mass, and was therefore ignored.
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Figure 3. Schematic of linear fuel dispenser. Circled symbols
refer to points designated in the theoretical perfo=-
mance calculations.
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Figure 4.

v, N
S i §

Photograph of linear fuel dispenser. A 10.2 cm
(4 in.) I.D. x 102 cm (40 in.) long nozzle is in-
stalled. The dispenser is standing on the center
area of the concrete ‘test pad. 1In use it is
lowered into the adjacent hole.
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The fluid between the piston and nozzle was agssumed to move as
block flow {uniform velocity throughout). The motion was
further assumed to be quasi-steady so that the Bernoulli
equation

2 2

Pe + &pzu3 = PA + &pluE (1l1)

and steady-state conservation ot mass,

A
ug = u, Xﬁ (12)

could be used. 1In these relationships, points "3" and "E" (see
Figure 3) designate the nozzle inlet and exit planes respec-
tively, A, and A are the piston and nozzle areas, and P

14 N
is the ambient pressure.

A

The equation of motion tor the plscton plus fluia plug is
simply

u

d
) Fg= = (Pp - P3) A ' (13)

(mg + m T

P

in which my and m
piston, Py
and up is the piston velocity. This equation by itself shows
that the pressure drop across the piston plus fluid plug goes

p are the masses of the liquid and the

is the instantaneous pressure behind the piston,

to zero as the piston attains constant velocity. In that

33 condition P, = P, and the pressure drop to P, takes place
ﬁ entirely within the nozzle.
tq Combining Egs. (11)-(13), with uy = u_, gives
Ky

(m, + m_) du 2
3 A St J -P)-%ouz[(A—E) -1} .o 4
Q? AP de P A L7P AN
i
N
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It should be noted in this equation that it Ap = Ay (equal

piston and nozzle areas), the piston will continue to
accelerate indefinitely as long as PP > PA and no steady
velocity will be reached ir. that case. It is also clear that
increases in AP will enhance the inertial reponse and that an
increase in the ratio AP/AN will reduce the time to reach a

near-steady velocity.

In reality the free volume pressure P, drops off

P
continuwously as the result of gas expansion during dispensing.

The rate of free volume increase is

—ac T Pplp ' (13)

The volume increase is related to the rate of fuel expulsion by

amg L. Yy
dt Pe ~at '

and assuming isentropic expansion, the pressure changes accord-
ing to

B =\ 37 . (16)

Equations (14)-(16) were solved with the intial condi-
tiens P, = Ppyr Voy = Vrvge and up = 0 at ¢ = 0. This
yielded the piston velocity as a funccion of time. The nozzle

inlet pressure was then calculated from

Co2 [P :
Py = Py +hpouy |lg=) -1 ' (17)
N
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obtained by combining Egq. (ll) and (l12). Since u, = 0 at t

P
0, it is clear that P A

3 is initially equal to P
It was originally felt that the U-tube could be adapted
for gas-generator driven aispensing. This woula be done by
eliminating the water behind the piston and mounting the gas
generator at tne top of the left-hand leg shown in Figure 2.
If the U-tube could have been adaptea in this way a new
diswenser might not have been neeaed. A calculation of the
tyre just described was carried out to estimate the response of
the U-tube if it were used in this manner. With a 7.62 cm (3
in.) nozzle, the pertinent values are AP/AN = 4.0, A
= 0.0182 m® (0.196 ft), and m, = 7.51 kg (16.5 lbm).
Characteristic vaiues of the tollowing parameters were used:
me = 26.5 ky (7ﬁgal. of water), PPO = 1.83 MPa (265 psi),
Vpy, = 0.0708 n® (2.5 £e3), v s 4.3 By = lx 10° pa
(14.7 psl), and Pp = 1000 kg/m~ (62.5 lbm/ft

P

3.

The result 1s plotted in Figure 5. As can be seen the
pressure at the nozzle inlet continues to rise uuring nearly 30
percent of the dilspensing period. The resulting fluid efflux
woula tneretore not be impulsive in character. 'the uge of the
U-tube modified for gas-generator operation was tnerefore
rejectea. In order to obtain a more impulsive response a
larger piston area was clearly reguired.

The linear dispenser was accordingly desiyned with a
piston diameter of 29 cm (11.5 in.), nearly twice that of the
U~tube. &an even larger piston would have peen desirable;
however, machining costs rise very rapialy with piston
diameter, and the availability orf materials was limiting.

With this larger piston the start-up dynamics were
improved. Tne actual area and mass of the piston are AP

= 0.0670 m® (0.7z1 ft2%) and m, = 43.1 kg (94.9 ibm . In

conjunction with a 7.62 cm (3 in.) nozzle, the pilston-to-
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Figure 5. Nozzle inlet pressure as a function of time during opera-
tion of U-tube fuel disgenser. Values used in calcula-
tion are mg = 26.5 kg, Py = 1.83 x 10°% Py, Vo = 0,0708 m3,

y = 1.3, Pp =1x10° pa, pe = 1000 kg/m3, Pp/Dy = 2, Ap
= 0.0182 mZ, mp = 7.51 Kkg.
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nozzle area ratio is AP/AN = 14,7, With other guantities

the same as in the previous calculation for the U-tube, the
inertial response that was expectea 1s shown in Figure 6. The
time to reach maximum nozzle inlet pressure (or maximum nozzle
exit velocity) 1s in this case only six percent of the uotal

dispensing time.

The piston was constructed of 606L-I6 aluminum alioy. To
minimize 1ts weight it was assembled trom 27.3 cm (10.75 in.)
UD x 0.93 cm (0.365 in.) wall tubing with welded end caps. The
overall length of the piston is 56 cm (22 in.). A 6.4 cm (2.5
in.) lonyg nose with a 60° taper angle was included to proviae
cushioning during piston deceleration (stopping). The maximum
stroke of the piston is 41 cm (16 in,). At the upper limit of
its travel it is stopped by an annular shoulder. 1In this
position the nose mates with the nozzle inlet wall with a 0.5
mm (0.020 in.) gap between the taperea surfaces.

Two plston seals are employed on each of the two plston
end caps. 7The three uppermost seals arec 4.8 mm (3/16 in.)
diameter teflorn-encapsulated viton o-rings manutactured by
Chesterton, Inc. These are more flexible ana remain resiliént
ionger than solid teflon. They can enaure sustained exposure
to solvent fuels (in particular, propylene oxide). A single
teflon spiral-type vackup o-ring 1is usea with each of these
three seals. The lowermost ~eal is a 6.4 mm (0.25 in.) wide

aluminum/bronze step-cut piston ring. This ring 1s needed to

o

-
e

protect the other seals from potentially aamaging exposure to
the hot products from gas-~-generator combustion and it also

FZrs

TasTa

A

serves as a cylinder wiper.

P

The cylinder in which the piston travels was fabricated
from 32 cm (12.75 in.) OD by 28 cm (ll.1 in.) ID AlQé grade B
seamless black pipe. This was bored to 29 cm (l11.5 in.) 1D,
honed, flash chrome plated. anad then re-honed. The chrome

- LI U . S g

7

Plating was applied to provide corrosion protection. Tne
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Tigure 6, Nozzle inlet pressure as a function of time during opera-
tion of linear fuel dispenser. Values used in calcula-
tion are my = 26.5 kg, PPy = 1.83 x 106 Py, Vo = 0.0708 m3
y = 1.3, Pa =_1 x 105 Pa, py = 1000 kg/m3, Dp/DN = 3.83,
Ap = 0.0670 m2, mp = 43.1 kgq.
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piston/cylinder assemcly was attached to the other aispenser
parts using the techniques of hydrualic cylinder construction.
Eight L.9 ca (0.75 in.) tie bolts ceonnect the cylinder to tine
free volume cnamber. Tne free volume 1s about 0.093 m3 (3.3

‘ft3) with the gas generaceor installed ana without any water

£ill.

In use the linear dispenser is 1nstalled pelow ygyrade in a
steel cylinder that .is 51 cm (20 in.) ID py 2.6 m (103 in.) o
long and has a 2.5 cm (1 in.) thick welded steel pbase plate.
This cylindarical nousing was constructed from tne gas bot.le of
a surplus torpedo. A fork 1ift truck 1s used when it is
necessary to remove the dispenser from‘the housing. A& 2.7 m

(9 £t) A-frame gantry with holst is used when raising the

dispenser just far enough to service the gas generator.

kXperience with the linear aispenser has keen for the
rost part positive, with the exception of difficulties

. assocliated wilitn the gas gyenerator (Appenuix B). An additional
problem was experienced with the method used to vary the

internal volume of the free volume tank. It was found that

- aading water to the free volume tank would lead to a

substantial loss of aispensing pressure. Tinis was apparently

due to energy absorption by the water which was evidently

' penetrated by the exhaust jet. The eftfect was agygravated with

greater amounts of water present. No suitable alternate rill
to replace water was round. Any suitable alternate £ili must

be unaffected by exposure to high temperature, violently

" turbulent gyases. It should generate no dust or grit which

cculd damage the piston or c¢ylinder, ana it should not be
propalisd by the high velocity jet into damaging projectiles.
Heavy steel chain was tried as a f£ill but this, like the water,

apparently absorbea much of the gas energy.

37

g
LIPS

AT Na W
s T Lt
o




YR CURRLA N FRNY A3

Y
.49 o

s
ol

CBC At s
RIS

- Fe B XN

Y AXSHAMEER.

L3

!:_ e A

T

3 A

N
y

(AR LR AN 0o )

B e o T 1 G A D Tt AV 4 ¥ avcw lCEr S stk A-mt 4ot Sy s el o At Tl Bl Btk Tl fad
RED UL RN I R G T RO M AT AT

TRUE gPa%

.
!
. i .
. :
o
iy
N
. f
u

38

’ Ty . £4 & * g
R S P M R Y .

AR R A S A -t i S M A = et m




Py

i N

e
P

y e e

ey’

SECTION 3

CEELS

..
ew'n'e

TURBULENT LIQUID JETS

The projection and atomization characteristics of im-

o wia1at

s

PR 0. APR Y o

pulsive, turbulent liquid jets are of importance to the point-
source FAE cloua rormation technique aescribea in the

Introduction. The breakup of steady, laminar liguid jets has

been stuaied extensively ana a substantial boay of literature

- ese
A

is available. Turbulent liquid jets on the other hand have
received comparatively little attention. Iin any case the "
primary breakup characteristic investigated by other
researcners has been the point of jet rupture. This 1s the
point alony the jet trajectory beyond which there is no
continuous path that connects fluid particles to the nozzle.
vVery rew experiments are reported in which ultimate jet
penetration auistances (reacih) have been measured.

Iimpulsive nydraviic fuel injection has also received
litcvle previous attention other than in the areas of
nigh-pressure jet cutting and aiesel fuel injection. In both
of these applications very small diameter jets are involvea.
Except for earlier work at Systems, Scilence and sSotrtware

(reference 5) and that reported herein, i1t appears that no

| prior systematic experiments have been conducted with large

i diameter (to 10 cm (4 in.)), impulsively injected, turbulent
I liquia jets 1n the intermediate pressure range ( 2.3 MPa (400
psi)). ’ '

i Impulsive (single-pulse or finite column length) jets are
! distinguished from steaay state (continuous or infinite column
length) jets on tne basis of their duration. If the time for
an element of jet flulid to traverse the distance from the
nozzle exit to the point of ultimate jet reach 1s short
compared to the total dispensing time, the jet can be con-
siaereu steady state. Ji these two times are comparable, tne
jet is considerea 1impulsive.
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The dispensing time is approximately

where VF is the total volume of fluid that is dispensea at
constant velocity, uye through a nozzle of area AN' The
time, tR’ for a fluid element to attain ftull reach, Rc' is

e

t =5 . (19)

o

Therefore the condition for an impulsive jet is

or, in terms of volume dispensea

\' v R . (20)
FMAX AN o]

This is just the voiume that woula be contained in a virtual
liquid column of lenyth B and cross-sectional area Ay. If
the actual fuel volume dispensed is very much larger than this
value the virtuval liquid column is said to be of infinite

length ana the jet is essentially steaay.

3.1 STEADY-STATE JETS

An eaily classification of jet breakup characteristics
was given by Ohnsorge (Refereunce 11). This is reproduced in
Figure 7. The classification was developed in terms of the
liquid Reynolds number,
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and the Ohnsorge numoer

_ Ho
7= —t ,
(P gDy y)

where D is the nozzle diameter and My and 0, are the liquid

viscosi?y and surface tension. As the veloc%ty of the jet is
increased at fixed aiameter, the aominating breakup mechanism
changes from symmetrical varicose surface wave growth
(Reference 12) to helicoidal wave aevelopement (Reference 13).
At still higher velocities, Ohnsorge reported that the jets

were fuliy alisrupted or atomlzeu at the nozzle exit.

For reference the reyime of 1nterest to tne present
investliation 1s aesignated by the shadea area in Figure 7. The

regime spans the range (.35 “MPa S AP X 2.8 MPa, l.5 < Dy <

100 mm (50 £ AP £ 400 psi, 1/l6 < Dy < 4 in.). It is noted
that nozzle pressure drop, AP, and jet velocity, u, are
related by
= 1 2
AP = 0 4Up (21)

assuming loss-tree flow in the nozzle. As can be seen on the
figure, ail of the jets of interest lie in th= complete
atomization regime according to the Ohnsorge classification.

Complete jet disintegration at the nowzzle exit does not
however appear to be an accurate descripu »n of turbulent jet
breakup in many cases. More recent investigations clearly snow
that, although surface atomization begins in high-velocity
turbulent jets at the nozzle exit, a selt-contiguous central
jet core persists for a consideraple distance. In terms of the

lijuid Weber number
42
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the distance to this rupture point, Xgo has been correlatead
empirically by Grant and Middleman (Reference 14) as

X .
52 = 8.51 Wor3? ' (22)
N 3

for 100°% We £ 105, and by Phinney (Reference 15) as

X
55 = 55 + 1.085 w:
! N 2

(23)

<

for the approximate range 35 N we£ S 6 X 104.

These two

relations Qo not ayree wel.i with one another. They ao show
_ ) 5 | ..

nowever tnat for example at W v 10" the distance to the

. 2 .
rupture point can be as much as 400 diameters from the nozzle

exlt. It shoulu be noted that in turbuient jets, this rupture
does not appear to occur abruptly. Rather, the jet core is
dissociated gradually ana thne rupture point simply designates
the furthest position of self-continuity of the core.

Many investigators have concludea that turbulent liguid
jets are ultimately shatterea by the unconstrained radial
moction of internal eddies (References 15-20). The smallest of
these perturb the surface but appear to be contained by it.
Those eadies with sufficient radial momentum penetrate the
surface and are swept away by aerodynamic forces. The amount
of material stripped from the jet by this mechanism is

relatively small. However, the resulting spray partially
conceals the inner jet core, wnich has an irregular, mottled
surface. It is the large-scale, low-momentum eddies waich

43
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eventually produce surface aisturbances of sufficient magnitude

as to induce utlimate varicose breakup of the jet core,

L , -
-
_-.:!_‘F R

AP
S

The intensity and c€haracter of turbulence upstream of the
nozzle exit therefore play key roles in aetermining both the
extent of early spray removal and the ultimate reach of the
jet. The turbulent intensity is increasea by surface rough-
ness, by increasing the nozzle length, and by non-smooth
plumbing transitions*. Other characteristics of specific
nozzle geometry seem to be of little consequence (References 16

NPV

and 21). Differences in the scale and intensity ¢f turbulence
at the nozzle exit could perhaps account tor che differing
descriptions giver. of turbulent jet breakup by the various
investigators.

The distance to the rupture point ot a turbulent liguia
jet ana its ultimate penetration aistance (reach) are not

airectly related. Rupture is associatea witnh tne formation of
, liguid sirands or ligaments (Reference 22) whicn subsequently

I collap~~ nnder rhe action of surface tension into droplets.
vt ) ) L . .

'H Larasi «i1guld ¢ .obules with diameters on the order of the
R

" 1nt1a*'3et diameter may also be formed (References 23 and

24) . The droplets and globules are then broken up into a finer
q spray by aerodynamic shattering it their velocity is high
j enough. In fact, the process of aerodynamic shattering can be
) expected to be repeated with the formation of successively
smaller aroplets unti' the spray momentum has been largely

s
sz

) 'D‘Z&‘ [y

depieted, 1ii: survivi.gy aroplets then presumably undergn phnase

change by convection-assisted evaporation. 1In jets with a

»
-l

.
—el

vertical velocity component, these may or may not pass through
a trajectory extremum . fall to the ground before being fully
vaporized.

- 5

Y

*I1t shoula be noted that the nozzles used in the development of
. Egqs. (22) and (23) were very long (L/D ~ 100), so that the
o turbulence was presumably well developed.
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Aerodynamic shattering of ligquid droplets is a complex
phenomenon. A good summary discussion is given in Reference Fl
25. Shattering occurs when the gas-liyuid Weber number for the
droplet, We = pAUZD/ug is greater than about ten. The
mode of shattering changes as we is increased. At low Weber
numbers (W, S 100) the parent droplet is broken into
relatively large secondary drops, while for We 2 1000 the
parent droplet is atomized into a fine microspray, typically
1/100 of the parent droplet size. Breakup times and droplet
trajectories have been correlated with coarse accuracy by a
nunber of researchers (Reference 25). This information could
conceivably by used at some future time to predict jet
penetration beyond the rupture point; however, neither the
droplet size distribution nor the droplet velocity at the
rupture point is presently known with sufficient accuracy for

that purpose.

E

L s

For these reasons the determination of ultimate jet reach
is best obtained experimentally. Data of this type are very
limited, even for steady state jets. Prior interest in jet
reach has been confined largely to studies of fire stream

e N B R

projection (Reference 26). In most cases the maximum distance
that the jet remains suitable for firefighting has been

measured, rather than the ultimate jet reach. However, Box

(Reference 27) and Freeman (Reference 21) give ultimate jet
reaches for vertical fire streams up to 5 cm (2 in.) diameter

and at pressures to 0.5 MPa (70 psi). A correlation in this
range given by Freeman, rewritten here in dimensionless format,
is

S22 -1.12x 10°% )2 , (24)

45
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Here, AP 1s the pressure d:sop across the nozzle, OQ = 1009
kg/m (62.5 lbm/ft ), 9 = 9.80 m/s (32.2 ft/sec ) is
the acceleration due to gravity, and D, is the nozzle

N
diameter. It is interesting to note that ultimate

VAT

¢ (ST

Y

dimensionless reach as given by Eg. (24) decreases witn
increasing nozzle diameter (at fixed velocity), while the
dimensionless rupture distance, given by Egs. (22) and (23)
increases. However, the ranges of validity of these three
empirical relations do not coincide,
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The accuracy of Eg. (24) rapidly diminishes for nozzle
sizes larger than about 5.8 cm (1.5 in.), and for pressures
above about 0.5 MPa (7C psi). 1Increasing the diameter or
pressure beyond these limits leads to much less increase in
actual reach than is predicted by Eq. (24). At sufficiently
high pressures a decrease in the reach of these water Jjets has
been observed. The physical constraints that limit the upper
bound on the reach that could be achieved by an arbitrarily
large jet are not presently kXnown. However the qgreatest
vertical jet reach that has been documented is 170 m (560 ft)
(Reference 28). This is a steady state water jet that is
developed from an annular nozzle at 2.8 MPa (400 psi).

A limited number of survey experimentis were performed at
Systems, Science and Software with small diameter, guasi-steady
liquid jets at pressures to 2 MPa (300 psi). These small
diameter jets are relevant to the formation of small-scale
experimental FAE clouds. The individual jets were produced
using the U-tube dispenser. A total of 0.01l1l m3 (3 gal.) of
liquid was discharged through five nozzles. The nozzles were

46
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arilled into a blind ena tiandge as shown in Figure 8. All of
the nozzle pores were 13 mm (0.50 in.) in length so that the
nozzles naa Lengcn-to-Jdiameter ratios varying between 3.5 and
3.5. The U-tube was pressurized by nictrogen gas from a 9.8

X lO-4 m3 (60 in3) supply bottle., During dispensing the
pressure in this bottle dropped from an initial value near 2
MPa (300 psi) to atmospheric pressure. Thils took place in
apbout 10 s. The reach of each jet was measured as a function
of time on films taken during a test and correlated with the

measured nozzle entry pressure.

Results from tests with JP4 kerosene, NAPTHA, and pro-
pylene oxide (P.O.) were qualitatively similar. Characteristic
data from these tests is diven in Figures 9 and 10. below
about 0.34 MPa (50 psi) the jet reach was found to increase
rapidly with pressure. Hcwever the lack of atomizatioa in this
range made the jets nearly invisiole on the films and reach
measurements could not be taken. Tnls alfficulty accounts for
the consiuerable data scatter near 0.34 MPa (50 psi). It
snould also pe noted tnat in all cases, accurate definition of
the instantaneous jet reach was very dirticult and could
account tor some of the aata scatter. Above (.34 MPa (50 psi)
jet atomization was substantial and increased subjectively with
increasing pressure. The jets became visible on tne films
allowing reach to be measured. The reach remainea roughly
constant and in some cases decreased somewnat in this rcange.
This implies balancing competition between increasing jet
momentum and the increased drag per unlt mass that results from
the formation of smaller spray droplets at the higher injection
velocities. In essence the utlimate .jet reach was found to be
a function only of nozzle diameter above some minimum jet
velocity.

It should be notea that during the early experiments ot
this kind, only cursory attention was given to prevailing
atmospheric winds. These were estimated at tne time to be no
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Figure 8. Sketch of five-nozzle head used in
quasi-steady small diameter jet
experiments.
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more than about 1.3 m/s (3 MPH). Some of the vests were later
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repeated during completely quiescent weather. These later tests

were also of greater duration. About 0.036 m3 (9.5 gal.) of
fuel was dispensed and the pressurized supply bottle volt ae was
increased to 0.033 m3 (1.17 £t3). These changes resulted in

a dispensing time of about 30 seconds. The pressure range
covered was 0.7-2 MPa (100-300 psi). The jet reaches measured
in these later tests were substantially dgreater than those in
the earlier experiments (by as much as a factor of two), but it
is believed that the increases were virtual. It is felt that
in a very still atmosphere the extremely fine spray droplets

~ hoverea in a cloud near the jet peak. These fine droplets were

then displacea vertically by air curreints induced by the Jet.
As a result, the apparent jet reach was increased. With any
slight breeze or with much shnorter aispensing period, this
phenomenon could not occur. It is believed for this reason
that the earlier tests are the more credible.

some oL the data scatter in Figures 9 and 10 is no doubt
due to momentary wina gusts that occurrea during the experi-

.ments. In consequence the trends indicated by the curves are

probably accurate only within, say, about #10%. The general
sensitivity of ultimate reach to wind has been noticed by other
investigators even in large diameter jets at lower pressures
(with comensurately larger spray droplets) (Reference 10).

3.2 IMPULSIVE JETS

Impulsively injected jets are of ygyreater interest to the
present investigation than are steady-state jets. A hemi-
spherical fuel-air cloua having a radius on the order of 70 m
(230 £t) is required to simulate the far-field airblast of a
1l KT ncuiear explosion. To form this c¢loua a large number of
radially-directed jets are to be discharged from a central
peint source. The cloud must be formed in less than about two
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seconds to avoid cloua distortion and arift due to atmospheric

winds. Therefore steady-state jJets are unsuitable.

An impulsive jet from a single nozzle would ideally"
atomize fully into a uniform, fine spray and would attain the
required reach. Unfortunately, technigues to enhance jet
atomization tend to diminish jet reach. For example, it is
well known that induced swirl and impinging or coaxial air jets
promote early liquid jet atomization and the formation of small
droplets. These benefits however accrue at the expense of
reach. Maximum jet reach is instead obtained by sustaining jet
conerence over the greatest possible trajectory length and by
encouraging the initial formation of large droplets upon jet
rupture. For this latcter purpose a simple, converging
nydraulic nozzle that is terminated at the orifice nas been
found to e the most effective (Reference L6). Additives such

as long-chain, high molecular weight polymers can additionally
be used to dramatically increase jet coherence (Retferences 19
& and 2v). However, for the application to spray cioua
formation, excessive jet coherence 1s &iso not desirable.,
Highly coherent jets would not atomize surficiently to £ill in
the voids between them in clusters of jets and the extremely
large droplets would be difficult to detonate. Therefore, a
hyaraulic nozzle designed to generate moderate but not minimum
turbulent intensity is believed to be the best practical
tradeoff. Tnis will proauce a reasonably coherent jet that

however will ultimately atomize into a detonable spray.

-

b
(3
\

Impulsive jet breakup has been investigated at Systems,
Science and sSoftware in part with the U-tube facility and in
part with the linear alspenser. The linear dispenser ariven by
the smokeless-powaer gas generator as described in Appendix B
is currently limited to 1.4 MPa (200 psi). In order to conduct

experiments at higher pressures an alternate technique was

BB ST YA A

>
L4

used., In tests apove 1.4 MPa (200 psi), a brass diaphragm was
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placea over the nozzle inlet and the dispenser freevolume was
pressurized with nitrogen to within apout 0.17 MPa (25 psi) of
the diaphragm rupture point. To start a test, nitrogen gas
trom a large-volume supply bottle at 5.5 vPa (800 psi) was
allowed to flow rapidly into the freevoliume tank. This quickily
raised the pressure in the freevolume tank causing the
diaphragm to rupture. This procedure was considered a
contingency measure since there was some guestion as to the
influence of the diaphraym on the jet breakup.

Impulsively dispensed jets from nozzles naving diameters
between 2.5-10 cm {1-4 in.) have been examined. In all cases
the nozzle design is very simple, co....isting of a 60° conical
inlet tnat converges to the reguired exit diameter. This 1is
followed by a straight section that is ten nozzle diameters in
length., The junction petween these two sections is rounaed
with a 2.5 c¢m (1 in.) radius of curvature. The straight
section was added to allow a limitea amount of turbulence to
develop.

The characteristics of impulsive jet breakup are
iitlustrated stylistically in Figure 11, while Figures 12
through 15 are outline sketches tracea from high speed films
taken during tne experiments. It should be noted that the
samples chosen for this group of figures involve differenc
liguids and nozzle sizes.

Many breakup features of impulsive jets are similar to
those of steady-state jets. The mechanism of jet surface
penetration by turbulent eddies is believed to be primarily
responsible for jet rupture. This is a process that for a
given moving fluid element is essentially independent of events
aheada of or behind that element. It should therefore be little
affected by the jet duration. sSimiitarly, those mechanisms

leading to jet surface erosion as well as those associated with
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Figure 11. Exaggerated schematic representation illustrating
Y features of impulsively injected liquid jets.
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Figure 12. Head and surface breakup. Propylene oxide jet from
1.91 cm (0.75 in) diameter nozzle at 1.07 MPa
(155 psi) driving pressure drop. (Only the dense
spray near the core is shown.)
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39 117 273

Figure 1l4. Early jet spreading.
diameter nozzle; nozzle pressure 1.03 MPa (150 psi).
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the behavior of droplets, ligaments, and glopules formed after g;
rupture appear to be quite similar for both steady-state and ol
impulsive jets. Eﬁ
N

i

On the other hand, impulsive jets uifter signficantiy Ei

from steady-state jets because of the existence of both a ;;
‘\‘

leauing front (head or nose) and a terminating tail. These o
influence the quantity and distribution of residual spray along ii

CR Y]

the jet path.

As an impulsive jet initially emerges from a nozzle, its
head appears to undergo recurring instabilities which result in
the pericdic shedding of spray sheets. Qualitatively these
have the appearance of Taylor instabilities; that is, accelera-
tion induced waves which grow within the liquid at the jet head
until they are removed by aerodynamic drag. It appears that
the removea liguia forms a spray which rapidly decelerates.

The suadenly exposed liquid core at the jet head passes through

E
,L.
i
)

this spray and the instability cycle repeats. Tnis repeacing
process contributes to the Christmas-tree character of the

PRI g

early~time spray immediately adjacent to the jet core, which is
apparent in Figure 12, 1In other investigations similar
pehavior has been observea with impulsively started fuel jets
of small diameter (200 um (0.008 in.)) (Reference 22).

— T T

The tail of an impulsive jet appears to have a much
greater effect on jet breakup than that at either the head or
external surfaces. An example of the appearance of an
impulsive jet in the vicinity of its tail is given in Figure
13, Only the dense region near the core (not the entire spray
outline) has been traced on this figure. The average velocity
ot the instantaneous tail of the contiguous column exceeds that
of the head by a factor of 1.5 to 2. This indicates that
material breaks off from the ena of the jet core in a continu-

1ing process. The tail breakup could for example be the result
of unbalanced lateral forces associatea with periodic vertex
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shedding. 1In any case, material removed from the tail is very ﬁk
rapidly dispersed as a spray. The passage of the tail is ?E
always accompanied by a considerable widening of the residual Eﬁ
spray column below the rupture point. ;;

i

Tail breakup is very beneficial in the present context 'ﬂ
because it is primarily responsible for the majority of 33
residual spray in the first several nunared jet diameters from ﬁﬂ
the nozzle exit. The only other contributions to the spray in o

this region are from jet surface atomization and from remnants
of spray shed during passage of the head. On tane other hand,
the tail breakup process can reduce jet reacn. As the total
quantity of liquid dispensed impulsively througn the nozzle is
reduced, a condition may be obtained in whicn the advancing jet
tail overtakes the nead. 1If this occurs before the head
reaches the normal rupture point, tne jet will be broken up at
a distance closer to the nozzle than is usual. This would in
turn result in diminisned total jet travel or reach. Tne
minimum quentity of liquid that can be dispensed tnrough a
given nozzle witnout reacn reduction by tnis mecnanism cor-
responds to tne condition in which the advancing tail breakup
point overtakes tne head at exactly tne normal jet rupture
point.

An estimate of this minimum quantity of liquid that must
be dispensed can be obtained from a simple analysis. Neglect-
ing jet surface and head atomization and assuming thaet the jet

moves at a constant velocity, its length at tne moment of

Ups
tail emergence from the nozzle is

]
y

.-

I, T ee—— - (25)

E]
O

Assuming that the tail breakoff point propagates along the jet
at twice the jet velocity relative to the ground, the rate of
change in the contiguous jet lengtn L would be

RSN  _ —FL LY

-2
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at = " Yp |
so that

L = Lo - th .

Thus at time t* = Lo/uD after tail emergence, the jet tail
would reacn the jet head. The distance from the nozzle to tne
nead, at the moment of tail emergence, is x = Lg. Hence at

the time t* it will be at

X = T. 1
X Lo ¥ aD(Lo/uD) ‘

tnat is, x* = ZLO. If this position is set equal to the
rupture distance, then the condition for the minimum virtual
column lengtn is Lopin = Xp /o Using Eq. (25), the
corresponding minimum required dispensed volume of liquid is

2
"TDNxB
Fmin 8

<
i}

At large liquid Weber numbers, Eq. (23) becomes

Fod
fle

1,
2 e
B 1.09 DNWeZ

$o0 that in this regime

v =2 0.428 u

. (26)
min 9
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A plot of this equation for water and heptane at an injection

velocity of U, = 60 m/s (200 £t/s) is given in Figure 1i6.
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Tests with heptane discharged vertically through a 2.5 cm

(1L in.) dgiaimmeter nozzle at uy = 60 m/s (200 ft/s) were

carried out to determine 1f this anticipated phenomenon is in

e
o' s e
a 5%2%a

« 4
o -

fact operative. The minimum volume estimateua by Eg. (26) under

tnhese conditions 1s Vp .. :0.012 m°

R,

“as’

(3.2 gal). This 1is
about half the capacity of the linear dispenser s» that testing

LA
Py

h e N ey 0

botn at aispensed volumes above and below the predicted minimum
was possible. Results from these experiments are plotted in

Figure 17. Reach medsurements were made trom films taken

AR

during the tests. These were checked against measurements

22
LA A

AL

L
pris

taken from a simple nand-hela sight stick. Kkeduced reach was
experienced when less than 0.0076.m3 (2 gal) of heptane was
aispensed. These results are certainly in the predicted

direction but it i1s felt tnat more tests will be required to

conclusively veriiy the tail breakup etfect.

&4

) . .

N sefore the taii of an impulsive jet emerges, tne shape ot
. the jet spray in the immediate wicinity of the nozzle is

Ly . " . . . . .
e conical. Tnis is due to surface atomization and subsequent air

entrainment or aroplets by the two-phase (droplets/air) mixture
in tnhat region. 1The remaininy spray column shape is roughly
cylindrical except at the jet head. After the tail emerges the
spray column also becomes cyilndrical near the nozzle. This
can be seen in Figures. 14 and 15.
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The average spray column width and height continue to
increase for a considevable time aLter dispensing has ended.
This is evident in Figures 18-20. (The dispensing times for

all tests plotted in these figures were less than 0.6 s.)

bS5 e e

8.

. Ol ERE

Figur= 18 shows the increase in average jet width as a funtion
of time and Figures 19 and 20 are plots of the heaa
trajectories of characteristic vertical jets. In both ot the

latter two figures, a calculated trajectory assuming simple
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Figure 17. Ultimate jet reach vs. fuel quantity dispensed.
(2.54 cm (1 in.) diameter nozzle, heptane,
nominal driving pressure = 1.23 MPa (180 psi)).
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Figure 19.
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Comparison of water and propylene oxide stream
height from two experiments involving projection
from a 3.81 cm (1.5 ir.) diameter nozzle at
initial velocities of 72 m/s (236 ft/s).
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Figure 20. Comparison of stream height as a function of time
for two experiments involving the projection of
propylene oxide from a 3.8l cm (1.5 in.) diameter
nozzle.
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lateral aerodynamic surface drag in conjunction with

».

gravitational deceleration has been plotted for reference.
Below some breakaway point this curve can be naae to agree
guite well with the measured trajectories using a dray coef-
ficient of CD = (0.25. The influence of gravity is small
compared to the aerodynamic drag. The rapid reduction in jet
velocity beyond the breakaway point is presumably associated
with aerodynamic drag on spray droplets following jet rupture.
The breakaway points in these experiments aid not however
correlate with the rupture distcances given by either Eqg. (22)
or BEq. (23).

Ultimately the jet attains a trajectory meximum after
which the spray droplets vaporize or else fall partially or
fully to the ground, depenaing on the liguid volatility and
droplet size. Jet widths in excess of 250 nozzle diameters
have been observed at these late times. However the jets are
nearly if not fully atomized at much earlier times. Since it
is of importance to minimize spray formation times, the
earliest moment at which the jet has developed into a detonable
cylinarical cloud is of interest. On the films oif impulsive
jets it appears that this moment occurs snortly atfter the tail
reaches the vicinity of the rupture point or the breakaway
point. On that basis a tentative adefinition for the formation
tine of an impulsive jet, measured from the beginning of the
dispensing period, is

SOODN
k.=t 4 — '
F D uD

where t_ is the dispensing time. Making use of Eg. (418) this

D
can be written

(27)
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This definition is somewhat arbitrary. The second term
represents an upper limit estimate of the time for the con-
tiguous jet tail to reach the rupture point. 1In writing that
term it was assumed thgt normal jet rupture occurs at distances
less than 1000 nozzle diameters and that the jet tail moves at
twice the velocity of the head. Since ultimate jet reach is
typically 1200-2000 nozzle diameters it represents a reasonable
upper estimate.

Some measurements of impulsive jet reach, taken approxi-
mately at the formation time, are given in Figure 21 as a
function of jet velocity. 1In this figure the fuel is heptane,
the nozzle size is 1.3 cm (0.5 in.), and 0.0064 m> (1.7 gal)
of fuel were dispensed. The reach behavior of impulsive jets
appears to be similar to that of steady jets when sufficient
liguid i1s aispensed. Beyond a certain minimum jet velocity the
reach appears to be essentially constant. The knee of the
reach curve (the point at wnich the curve begins to level off)
also corresponas roughly to the minimum jet velocity for which
atomization can be visually observea.

In future work, 1t is recommenaed that jet reach ana
width at the formation time be measured systematically as
functions of jet velocity and diameter. The minimum volumes of
fuel that can be dispensed in order to achieve these reaches,
and the minimum jet velocity for sufficient atomization should
ve determined.
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SECTION 4
HEMISPHERICAL FUEL-AIR CLOUD FORMATION

4.1 CLOUD SIZE REQUIREMENTS

The volume of the fuel-air cioud and the quantity of fuel
required are fixed by the nuclear yield to be simulated. The
relationships are not straightforward but are asociated with
the energy release available through combustion of the fuel-air
cloud and with the way in which this energy is disposed hyaro-
aynamically.

The total energy reiease resulting from the detonation ot
a fuel-lean ur stoichiometric fuel-air cloud is

(28)

wnere m, is tne

is the mass of fuei 1n the <louu ana Hc
low~temperature, constant pressure heat of combustion per unit
mass of fuel. This exXpression assumes that the considerably
dissociated detonation products achieve low temperature
equllibrium durilng the expansion that follows airblast develop-

ment from the fully reacted cloua.

Due to the finite spacial ana temporal distribution of
the energy released, the airblast produced by a fuel-air
expiosion differs from a point source blastwave of tne same
ener Eom e the

gy, ol'F

variables of interest (such as overpressure and overpressure

However, at fixed range from an FAE,

impulse) may inaividually or collectively exhibit point-source

(or nuclear source) characteristics. If so, it 1s possible to
aefine an effective energy, EOE,F for the FAE airblast at

that range. This is the enerygy of a point or nuclear source
whicn at tha same range would yield the same values for the

rarlable or variables of interest.
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In general, the value of Eog,p S° determinea will vary
with range and with the particular blast variable(s) being
considered, as well as with the reference airblast itself |
(point source or nuclear). Over limited cange intervals, the j
variation in EQE,F with range may, however, be small enough
that a single average value can be used with acceptable
accuracy. The extent to which a single value ot EOE,F is
successful in specifying FAE/nuclear airblast equivalence nas
been examinea in the present investigation. The procedure
followed to establish a value for EOE,F is aiscussed in
Section 5. It has also been found userul for discussion
purposes to normalize the effective blastwave energy by
defining an efrective airblast efficiency; i.e.,

L
retal

<

b
o

v ! E
a °E,F

N

7
LA
o }
|

F-F — . (29

Ee
]

It should be emphasized, however, that the value of nF does

not physically represent the amount of energy that is
partitioned to hydrodynamic blast.

Substituting Eg. (28) into (29) ana solving for m

R g 9ives
i%

i E

+ 0

7"\ E'F

VJ'“ m = ——— . (30)
) F nFHc

This is the quantity of fuel required in order to yield a
specified effective blast source energy on the presumption
that n

F is known. The quantity of air cnat is required for
combustion with this amount of fuel is simply

)

|
\
“t

D

Y R

3

m, = mF/¢A , (31)

W ANk

where ¢, is the fuel-alr ratio by mass. (sStoichiometric
proportions are aesignatea by ¢%*
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The size of the cloua that contains the required amount

of air depends on whether the fuel 1s dispersea as a vapor or
as a spray. If dispersed as a condensed spray, the volume

occuplied by the spray, VF’ is normally negligible compared 1
with the volume occupiea by the air, VA- I.e., from Eq. (31),

3 4

to 10 *. The
size of the fuel-air cloud in this case is essentially the

This ratio is typically of the order 10~

volume of air containing mass m, . That is,

Using Egq. (30, and (31l) and solving for the radius of a
nemisphere containing this volume lLeads to

1/3

/ ART W
3RTaI:.OE v
Rc = . . (32)
S

2N ¢ W, P H

If on the other hand, the fuel is dispersed as a vapor,
or as a spray which then fully evaporates, the volume of the
mixture is

where tne mixture mass and molecular weiyht are related to
those of the fuel and air by
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These celations, along with Egs. (30) and (3l) give a cloua
radius of

T AT R I LT

3RT_E 1/3 .

ao !

R E ’ F l + l . ( 3 3) ’
c, | 2mMgP B, \Wp = #W,

’
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The difference in cloud size caiculatea in these two ways
1s small. For examplie, for EOE F = 2.09 x 10123 (the
’
effective far ftield blast source energy of a 1 KT nuclear

- -

explosion), assuming a stoichiometric mixture of propylene
oxide and air, and using ng = 0.744*, a spray cloud raaius of
Reg = 69.2 m ana a vaporized cloud radius of Rg, = 70.4 m

are preaicted. (Pnysical properties of selected fuels are
ylven in 7Table 1l.)

h
b
™
o
t
R
h

The temperature and pressure usea in the preceding
example were ordinary atmospheric values. Actually, it the
cloud 1i1s formea as a spray ana then evaporates, the cloud
temperature will be reduced somewhat. To estimate the
magnitude of tnis effect, the evaporation can be treated as a
simple heat removal process trom the air, for which at constant
pressure the energy equation 1s

g
1|
*Tnis value was determinea experimentally in small-scale FAE
tests using propylene oxiae and is aiscussed in Section 5.
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The heat effectively added is Q = -m L where L 1is the :
latent heat of vaporization per unit mass of fuel, Treating |
the air as calorically perfect, the energv eguation then gives j

-mFL = “aCP AT :

& ;
.
4
or )
N
AT = -¢AL/CPA . (34)

e el P S

This effect can account for an absolute temperature drop on tne
order 0of 10% which may be suftficient to be considered in cloua

formation schemes involving fuel spray evaporation.

P S Wl ol et 2P o

4.2 FUEL LDISTRIBUTION UNIFORMITY

At the present time it is relt preferable ro torm spray

. o e

clouas tnat will not largely vaporize prior to aetonation

initiation. This implies low vapor-pressure fuels which are
aavantageous in that boiling-induced jet breakup (Reference 40)
is minimized or eliminated. The more essential basis for this

juagement, however, derives from funaamental differences
between gas- ana two-phase detonations.

r's%
O
ﬁ‘
s

<
4
)

1

Detonations which occur in premixed gas-phase reactants

l‘l‘ l‘ '.

possess a hydrodynamic reaction zone that is typically no more
than a few millimeters thick. The reaction zone is charac-
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Lo terized by regularly recurring localized ignition centers.
§ADV. . N . . - N
&; Fast reaction at the ignition centers produces blastwaves which
T . . . . . ' . N .
o interact with the detonation front and with aujacent, similarly
W . .. . )
;'1 produced blastwaves. Their collisions in the directions trans-
" verse to tne wavetront produce new ignition centers. Combus-
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o tion is also augmented behind these transverse shocks. The
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reaction mechanisms involving ali of the species initially

a
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b N
~ ) . N - 1] - 1] R .“N 4
g propagation velocity ana detonation limits of gas-phase detona- o
tion depend on the stnichiometry (at given pressure and ;d

%

temperature). This is because the fuel and oxidizer are mixed ;ﬁ

on a molecular level in advance of che detonation so that N

present can occur at once 1n tie gas-phase and are limited only
by the chemical kinetice. A fuel-air explosion to be generated S
from a cloud in which the fuel is initially fully vaporized BN
should therefore possess a near-stoichiometric global :
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equivalence ratio to optimi